A gene coding for a soluble protein with homology to the ß subunit of the nicotinic acetyl choline receptor from goldfish was isolated from a cD N A library of Haementeria ghilianii salivary glands. Comparison of the leech protein sequence with the database showed that the N terminus has high homology with the extracellular portion of acetylcholine receptor ß subunits, whilst the C terminus, highly charged, has homology to proteins which may be involved in chelating divalent cations. The leech protein was expressed in mammalian cells and the product compared to the native protein. Both proteins are glycosylated and form polymers which are disrupted by heat but not by reducing agents. A role for this protein in salivary gland secretion is suggested.
Introduction
The salivary glands of the giant Amazon leech Haementeria ghilianii have been used as a model of glandular secretion to investigate the relation ship between electrical impulses and secretory events (Jones et al., 1985; W uttke et al., 1989 ). The salivary system of H. ghilianii consists of two pairs of glands which lie at the base of the proboscis (Sawyer et al., 1982; . The cells from the ante rior gland are not coupled, i.e., the cells are not connected by gap junctions, nor do they connect in a common ductule (Jones et al., 1985) . The mechanism of release of secretions from the sali vary gland cells is not known; secretions from spe cific cells seem to be discharged at discrete sites in the proboscis tip (W uttke et al., 1989) . Electro physiology studies indicated that the anterior sali vary gland cells of H. ghilianii are electrically ex citable and produce Ca2+-dependent action potentials (Marshall and Lent, 1984 , W uttke and Berry, 1988) . Placing intact salivary glands in a Ca2+-free solution causes the production of copi ous amounts of secretion from the proboscis (W uttke et a l, 1989) but so far it was not possible to correlate the activity of a m em brane protein with secretion. The secretions in the salivary sys tem of H. ghilianii have been shown to consist of complex mixtures of proteins, some with anticoag ulant activity, presumed to have a role in the feed ing mechanism (Budzynski et al., 1981 , Sawyer et al., 1991 . Although the mechanisms of secretion in the salivary system of this leech have been well studied from an electrophysiology point of view and there has been a volume of work on the bio chemical characterisation of the secretion compo nents, very little is known about the cellular mech anisms underlying the process of secretion. A suramin-insensitive mem brane receptor activated by ATP has been shown to be involved in the reg ulation of intracellular Ca2+ (W uttke et al., 1996) . It is likely that protein receptors will be involved in different aspects of the secretion mechanisms. While purifying a protein with anticoagulant activ ity from the Amazon leech salivary glands, a con taminant protein was detected in the final steps of purification. This protein was shown to have ho mology to the extracellular domain of one of the subunits of the nicotinic acetylcholine receptor (nA chR) from goldfish and its biochemical prop erties lead us to suggest that it may have a role in the secretion mechanism in H. ghilianii salivary glands.
Materials and Methods

Protein purification
Specimens of the giant Amazon leech, Haementeria ghilianii were obtained from Biopharm UK. Salivary glands hom ogenates were subjected to ul tracentrifugation, ion-exchange and gel filtration in the E Merck laboratories (Darm stadt, G er many; method unpublished). Two proteins co purified in the same fractions: one was a protein with anticoagulant activity, the other was a protein with unknown function. This latter protein was an alysed by matrix-assisted laser desorption ionisation-time-of-flight (M ALD I-TO F) and shown to have a molecular weight (M. W.) of 26.5 kDa. The protein was digested with two different proteases and the peptides obtained were subjected to auto m ated Edm an degradation.
RN A preparation and RT-PCR (reverse-tran-
scriptase-polym erase chain reaction) RNA was prepared from salivary glands using the m ethod of Chomczynski and Sacchi (1987) : freshly dissected salivary glands (including both anterior and poste rior glands and the proboscis) were ground in li quid nitrogen and the powder mixed with 1 ml de naturing solution per 10 salivary gland pairs. Approximately 40 |ig of total RNA was used as tem plate for cDNA synthesis for RT-PCR reac tions, as follows. First strand cDNA was synthe sised with oligo d(T) as prim er and Superscript II (Gibco-BRL), following the m anufacturer's in structions. In some cases, messenger RNA (m RNA) was purified using a Poly(A)tract kit (Promega) and cDNA synthesised with random hexanucleotides (Pharmacia). This cDNA was used as tem plate in PCR reactions with different primers, as described below.
Oligonucleotides 1 and 2 (Fig. 1 , positions and orientation indicated by the arrows) were used at concentrations of 400 nM in PCR reactions, with 2.5 U of Taq polymerase (Perkin-Elm er). Each re action contained 200 jam dNTPs (deoxy-nucleotide triphosphates), 10 mM Tris/HCl pH 8.0; 50 mM KC1; 2 mM MgCl2: 0.05% Nonidet P-40 (Sigma). The reactions were cycled 30 times at 95 °C for 30 seconds, 40 °C for 45 seconds and 72 °C for 2 min utes. After cycling, the entire reaction volume was spin dialysed through Sepharose CL6B (Sigma) and l/20th of the volume was used as tem plate for a second PCR reaction with the same conditions. Reactions were analysed by agarose gel electro phoresis and bands of the expected size were gelpurified using the Qiaex (Qiagen) gel purification kit and ligated into pCR II (Invitrogen) following the instructions of the manufacturer.
Oligonucleotides 3 and 4 ( Fig. 1 ) were used in a 5'-RACE (rapid amplification of cDNA ends) PCR to clone the 5' region of the gene, using total salivary gland RNA as tem plate for the cDNA reaction and the Am plifinder kit (Clontcch), following the instructions of the manufac turer. Poly(A)tract-purified m RNA was used as template in a first strand cDNA reaction primed with an anchor-oligo d(T)18 (anchor is CCTCTGAAGGTTCCAGAATCGATAG). The cDNA was spun dialysed and used as tem plate for a PCR reaction with oligonucleotide 5 (Fig. 1 ) and the anchor oligonucleotide to amplify the 3' region of the mRNA (3'-RACE). Oligonucleotides 6 (5') and 7 (3') (sequence underlined on Fig. 2 ) were used to amplify a 900 base-pair (bp) DNA product which was cloned into pCR II (Invitrogen). Two clones were sequenced in both directions using Sequenase (USB).
cD N A library
Salivary glands m RNA was purified using the Oligotex system (Q IA G EN ). cDNA was synthe sised using the G reat Lengths kit (Clontech), following the instructions of the m anufacturer and ligated to C IP-£coR I-cut X.ZAP arms (Strata gene). Ligated phage were packaged with Gold Giga Pack (Stratagene) according to the instruc tions of the manufacturer. 16 000 plaques of non amplified library were screened using a riboprobe made from the 900 bp PCR clone representing the complete leech gene. The riboprobe, in antisense orientation, was made using the Promega tran scription in vitro kit, and labeled with D IG -11-UTP (Boehringer). Duplicate GeneScreen (D u Pont) filters were taken from each plate, treated with alkali and dryed, as described in the manufac tu rer's instructions and pre-hybridized for 1 hour in 0.25 m Na2H P 0 4, 1 mM EDTA, 20% SDS at 60 °C. The probe (0.1 mg/ml solution) was added to the pre-hybridization solution and filters were allowed to hybridise overnight at 60 °C. Filters were washed three times for 20 min in 20 mM Na2H P 0 4, 1 mM EDTA , 1% SDS at 60 °C and de veloped as described in Engler-Blum et al. (1993) . A fter three rounds of screening, 11 putative posi tive clones were purified to homogeneity. The plasmid was excised from the phage and digested with EcoRI. Digests were analysed by agarose gel electrophoresis and Southern blot, using positively charged nylon m em branes (Amersham) and following the m anufacturer's instructions. The blot was probed with the same probe used to screen the library. Eight of the excised plasmids had in serts which cross-hybridised with the probe. All clones were sequenced using the dideoxy term ina tion sequencing kit from Am ersham , following the m anufacturer's instructions. Sequences were ana lysed using the DNASTAR package of programs for the Apple Macintosh.
Expression in CO S cells
The insert containing the complete leech open reading frame (O R F), was cloned into a vector which had the human citomegalovirus (CMV) early prom oter region, the Kozak consensus of ini tiation, a strong poly-adenylation signal (Enriquez-Harris et al., 1991) and the C2 term inator (Ashfield et al, 1991) . Ten mg of recombinant vec tor was electroporated into 0.8xl07 COS7 subcon fluent cells (V = 1.9 kV; C = 25 mF). Cell culture supernatants were filtered 72 hours post electro poration and analysed by polyacrylamide gel elec trophoresis (PAGE). Transformed COS cells were washed with PBS and concentrated by centrifuga tion. The cell pellets were lysed by resuspending the cells in RIPA (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate, 0.1% SDS) buffer with the "c 0 m p lete" tm protease in hibitor cocktail from Boehringer (10 million cells/ ml RIPA) and incubating 60 min at 4 °C with rota tion. The lysis reactions were centrifuged for 5 min at 10000xg to clear the lysate from cell debris. Cell lysates were analysed by PAGE.
Polyacrylamide gel electrophoresis (PAGE) and Western blots H.
ghilianii salivary glands were homogenised in 20 mM HEPES, 10 mM Calcium buffer, pH 7.5 and sonicated. The homogenate was centrifuged for 15 min at 12000xg and the supernatant was col lected. The pellet was extracted once more with the same buffer, the two supernatants combined and centrifuged at 100000xg for 60 min (Malinconico et al., 1984) . The supernatant of this centrif ugation was analysed by PAGE using Laemmli's discontinuous gel system and loading buffer (Laemmli, 1970) . Gels were blotted onto Immobilon membranes (Millipore). M embranes were blocked with PBS-T (phosphate buffer saline) (T = 0.1% Tween 20) containing 5% dried pow dered milk for one hour at room tem perature or overnight at 4 °C. Blots were incubated in PBS-T with primary rabbit antisera raised against the leech protein for 1 hour at room tem perature. Following three washes of 10 min each with PBS-T, blots were incubated with anti-rabbit H R P (horseradish peroxidase) conjugate (Sigma) di luted according to the m anufacturer's instructions in PBS-T and 0.5% BSA (bovine serum albumin). Blots were exposed to film after detection of enzy matic activity using the ECL system (Am ersham ).
Results and Discussion
Cloning o f the leech gene
Products from two consecutive PCR reactions using cDNA to leech salivary gland RNA and the degenerate oligonucleotides 1 and 2 ( Fig. 1) were analysed by agarose electrophoresis and a band of 80 bp was identified as having the expected size for the region coding for the N terminal peptide (Fig. 1) . This product was ligated into pCRII and several clones were sequenced. A length of 43 bp of non-degenerate sequence was thus determ ined, which was used in further PCR reactions. Oligonu cleotides 3 and 4 (Fig. 1 ), used in a 5' RACE PCR reaction amplified a 300 bp DNA region, which was cloned and sequenced. This sequence was found to contain the 5' non translated (NT) region of the message and the beginning of the ORF.
The 3' region of the m RNA was also amplified by PCR, using oligonucleotide 5 and an anchor oligonucleotide. These oligonucleotides amplified a 800 bp region which was cloned and sequenced. Using the sequence information of the clones de scribed above, a PCR reaction was designed to amplify the complete gene. This reaction yielded a 900 bp DNA band which was cloned and se quenced. These clones contained an uninterrupted ORF (Fig. 2) . The 900 bp PCR clone was used to synthesise a riboprobe to screen a A.ZAP cDNA library from salivary glands. Three of the selected clones were sequenced and shown to match the PCR clones. The complete leech cDNA clone includes a 114 bp long 5' NT region and an O R F coding for a protein of M. W. approximately 27 kDa, which ter minates with a TAA stop codon and is followed by 265 nucleotides of non-translated 3' region, in cluding a poly-adenylation signal (Fig. 2) . The first 19 amino acids in the O R F are likely to represent the signal peptide because they are not present in the m ature protein sequence. This region has the characteristics of a signal peptide: it constitutes a very hydrophobic region with a small amino acid at position -1 and an isoleucine at position -3, all characteristics of signal peptides (von Heijne, 1986) . The 27 kDa protein is probably processed and secreted as a 24 kDa protein.
D/S-H-L-Q-G-Q-T -K-L-W-K-K-L-F-D-H-Y-N-K-E-L-E-P-E-D-A-G-L-K CTN-CAR-GGN-CAR-ACI-AAGCTTTGGAAGAAGTTATTCGATCACTACAACAAAGAATTA-GTI-GGK-CTT-CTR-CGR-CCI-RAC
-------------------------►<----------------------------------- oligo 1 oligo 3 ^-----------------------------------<
-----------------------------------------------------
oligo 4 oligo 2 ----------------------► oligo 5
The leech protein has hom ology to a subunit from an acetylcholine receptor
Comparison of the translated sequence of the leech gene with the Swiss and PIR and EM BL translated database showed that the cloned pro tein has homology (34.9%) to the ß subunit of the nicotinic acetylcholine receptor from goldfish (Fig. 3A) . The region of highest homology was be tween the extracellular region of the goldfish ß subunit and the N terminal portion of the cloned leech protein. The position of most prolines and tryptophan residues, which are im portant in deter mining protein folding, is conserved in the two protein sequences. The leech protein also showed homology to a consensus of the extracellular por tion of ß subunits of nAchRs from Drosophila, Xenopus and electric ray (Fig. 3A) . These hom olo gies seem to indicate that the leech protein has similarities in spatial conform ation to the extracel lular portion of the ß subunits of nAchRs. It is possible, thus, that this protein is part of a receptor in the leech salivary glands. The ß subunit of ace tylcholine receptors is thought to contribute to the binding of some agonists (Luetje and Patrick, 1991) and it is possible that the leech protein, as part of a membrane receptor, could have a role in ligand binding.
The leech protein term inates in a highly repeti tive and charged sequence of amino acids (histi dines and aspartic acids). This type of repetitive sequence is not present in nAchRs ß subunits but homologies were found between the leech protein C terminus and the C termini of two eggshell pro teins of the blood fluke (Schistosoma m ansoni) (Chen et al., 1992 , Johnson et al., 1987 . This region of the leech protein has also homology to the C terminus of the codworm haemoglobin gene (Dixon et al., 1981) (Fig. 3b) .
The function of such a highly charged region in these proteins is not fully understood: in the egg shell proteins of Schistosoma, the high histidine content is thought to be involved in regulation of polymerisation of the com ponents of the eggshell from the "emulsion" state inside vesicles to the polymerised form on the egg (Wells and Cordingley, 1991) . It is possible that this histidine-rich se quence could be involved in binding of divalent cations. This region includes the pattern found for Cu2+ binding in haemocyanins from arthropods
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The recombinant and native proteins have similar biochemical properties
The recombinant protein is larger than the na tive protein, as it can be observed in PAGE fol lowed by Western blotting (Fig. 4) . On these blots, probed with an anti-leech protein-specific antise rum, the native protein, in reducing Laemmli load ing buffer, boiled, appears as several bands: a group of M. and recombinant proteins could result from dif ferent glycosylation patterns in the recom binant protein, as compared to the native glycosylation pattern of the protein in the leech. The smaller protein (approximately 24 kDa) has the M. W. ex pected for the product of the gene and probably represents the non-glycosylated form of the pro tein (arrowhead on Fig. 4 ). To test this hypothesis, transformed COS cells were treated with tuni camycin, which inhibits glycosylation. Lysates of tunicamycin-treated COS cells, analysed on PAGE and blotted onto membranes, contained only one protein which was detected by the anti-leech pro tein antiserum and co-migrated with the smaller protein from untreated COS cells (Fig. 4 , lanes 5 and 6). None of the larger M. W. forms was de tected in these blots, which seems to indicate that the multimers are only formed in the supernatants, once the protein is secreted from the cells, or that they were disrupted completely under the condi tions used to lyse the cells. The difference between the M. W. of this small 24 kDa protein, which matched that expected for a product of this gene, and the M. W. determ ined by M A LD I-TO F (26.5 kDa), could be explained by the presence of sugar residues in the purified leech protein.
The native protein formed aggregates spontane ously, the major form being of M. W. approxi mately 100 kDa. The multimers were partially dis rupted by boiling but not by reducing agents alone (Fig. 4, lane 1) . This indicated that the interaction between the monomers was not mediated by S-S bridges. The recombinant protein formed equally polymers, the larger with apparent M. W. 110 kDa (consistent with the greater M. W. of the m ono mer) which was also partially disrupted by boiling but not by reducing agents alone (Fig. 4, lane 4) . Although the larger protein forms were disrupted by boiling, some small multimeric forms remain. It is possible that a more prolonged treatm ent at high tem perature would be necessary to com pletely disrupt these multimeric forms or that they are maintained by other stronger interactions. The M. W. of these forms indicated that they could be polymers of four monomer units. In a previous study of salivary gland proteins by Budzynski and collaborators (1981) , proteins extracted from the salivary glands of H. ghilianii which had been boiled in Laemmli reducing loading buffer or sim ply loaded in buffer without reducing agents had been analysed by PAGE and Coomassie stained. In these gels, a protein species of M. W. approxi mately 75 kDa seemed affected by boiling in the presence of reducing agents. It is possible that this protein corresponds to the species of similar M. W. detected by our antibody in crude salivary gland extracts. Preliminary results indicated that cations are involved in maintaining the multimers, as treatm ent with EDTA disrupted the multimers, in the absense of a tem perature treatm ent. The in teraction with a cation would be responsible for maintaining some degree of multimerisation, resis tant to high tem perature treatm ent, resulting in the higher M. W. forms of the protein observed in the samples boiled for 5 min (Fig. 4, lanes 2 and 3) .
Conclusions
We have cloned and expressed in mammalian cells a protein from the salivary glands of the giant Amazon leech with homology to the extracellular portion of the ß subunit of the nAchR from gold fish and, to a smaller extent, to other nAchR su bunits from other species. Significatively, several amino acids important for the definition of the se condary structure and conserved in all a and ß su bunits of acetylcholine receptors sequenced so far are conserved in the leech protein (Fig. 3a) . The homology comparisons of the C terminus of the leech protein with the database showed that it in cluded the consensus sequence for coordination of divalent cations, leading us to speculate that this leech protein may have a function involving the binding of cations, possibly in regulating the Ca2+ balance in the salivary glands. This protein may constitute a subunit of a membrane protein com plex involved in Ca2+ transport or recognition. It is im portant to remem ber that the protein in ques tion is a soluble protein, not a membrane protein.
Recently, evidence has been found for the involvment of a a9-type nicotinic acetylcholine receptor in the control of membrane polarisation in the serotonegic Retzius neurons of the medicinal leech midbody ganglia (Szuzupack et al., 1998) . It is pos sible that a similar receptor is to be found in the control of nervous impulse and secretion in the salivary glands of the Amazon leech.
Western blot analyses provided evidence that the native protein forms polymers and that the in teraction between the monomers is not disrupted by reducing agents.
